ABSTRACT
Introduction
The evaluation and management of patients suspected of acute pulmonary embolism (PE) in the emergency department setting is evolving. The ready availability of multidetector row CT scanners and quantitative serum d-dimer assays with rapid turnaround times have changed physician attitudes toward PE. It seems that physicians are much more likely to entertain the diagnosis of acute PE in their patients and to order tests accordingly. However, with the increasing ease of diagnosis, it is becoming clear that pulmonary CT angiography (CTA) is over utilized [1, 2] .
Studies have yet to demonstrate that this increased utilization of pulmonary CTA significantly decreases patient morbidity or mortality associated with PE, a disease whose incidence, prevalence and natural history is poorly understood [3] . In fact, the opposite may be true. Pulmonary CT has its own risks from exposure to ionizing radiation [4, 5] and contrast-induced nephropathy [6] . Furthermore, not all PE may be clinically relevant [3, 7] .
The use of a clinical decision rule and quantitative serum d-dimer assay can obviate the need for pulmonary CTA in many patients [8, 9] .
A recent study by Costantino et al. suggests that for pulmonary CTA to be considered a diagnostic imaging tool, there should be at least a 10% prevalence rate of positive PE among those patients undergoing CTA [1] . Hui et al. compared the prevalence of PE in CTA studies versus the prevalence of coincidental PE in patients undergoing contrast-enhanced CT scans for other indications and noted a prevalence of 11.8% in those being evaluated specifically for PE in the CTA group compared to a prevalence of 1.8% in those patients in whom PE was not suspected [10] . Two additional recent studies reported similar prevalence of PE in patients undergoing CT for other indications that varied depending on comorbid conditions, but in general hovered around 2% [11, 12] . Therefore, it appears that a PE prevalence of 2% or less in a cohort of patients undergoing CTA would indicate overutilization. The purpose of this study was to determine which combination of clinical criteria and d-dimer values would allow at least a 10% CTA positive rate in patients being evaluated in an emergency medical department for acute PE and to avoid CTA in patient groups in whom the prevalence of PE would be 2% or less.
Methods
Institutional review board approval with a waiver of consent was obtained for a retrospective review of all subjects seen in an urgent care/ emergency room setting with a possible diagnosis of acute PE who underwent pulmonary CTA. All patients were members of an HMO where all care is provided within the network. A common electronic medical record allowed access to all patient data, which was necessary to find approximately 1000 patients for analysis. We reviewed the electronic medical record to determine patient age, gender, d-dimer result, if any, and pulmonary CTA result.
In the subset of these patients who also had a serum d-dimer level drawn, one observer reviewed all the clinical information in the electronic medical record associated with the emergency department encounter leading to the pulmonary CTA. Wells scores for these patients were retrospectively assigned. The Wells criteria have been validated as a method to stratify a patient's clinical probability of PE [8] . Points were assigned for each of the following clinical signs or symptoms: PE as likely or more likely than any alternative diagnosis, 3.0 points; signs or symptoms of deep venous thrombosis (leg swelling or painful palpation in the region of a deep vein), 3 points; heart rate higher than 100 beats/min, 1.5 points; immobilization (bedrest for 3 consecutive days) or surgery within past 4 weeks, 1.5 points; previous diagnosis of PE or DVT, 1.5 points; hemoptysis, 1.0 points; active malignancy (within past 6 months), 1.0 points. Most of these clinical signs and symptoms could be unambiguously determined from the electronic medical record documenting the emergency department encounter.
For the first variable, which is subject to individual interpretation, we used the following algorithm to determine if PE was as likely or more likely than any alternative diagnosis: If the patient's chief complaint on record was shortness of breath or dyspnea, then we assumed PE was the most likely diagnosis unless 1) the patient had a history of congestive heart failure and chest x-ray was suggestive of edema or 2) the patient had signs and symptoms of a respiratory infection and an abnormal chest x-ray or 3) the patient had a history of asthma and clinical symptoms of an asthma exacerbation. If the patient' chief complaint was chest pain, then we assumed PE was the most likely diagnosis unless the patient had a history of coronary artery disease, prior myocardial infarction or cardiomyopathy. However, if the chest pain was further described as substernal, crushing or radiating to the back or left arm, PE was not assumed to be the most likely diagnosis. For a chief complaint of unilateral leg pain or swelling, PE was assumed the most likely diagnosis unless there was a specific finding in the reported history to suggest a more likely alternative diagnosis. Finally, if the emergency physician commented on a high likelihood of PE anywhere in the visit record, then we assumed that PE was the most likely diagnosis irrespective of the chief complaint.
The original studies utilizing Wells criteria segregated patients into three clinical risk strata for pulmonary embolism based on their score: low (score < 2); intermediate (score 2 -6) and high clinical risk for pulmonary embolism (score > 6) [8] . However, a more recent study has validated a dichotomous segregation of patients based on their Wells score into those who are unlikely to have PE and those likely to have PE [9] . We segregated our subjects based on their Wells score using the 3 clinical risk strata and then repeated the analysis using the dichotomous strata limited to low clinical probability of PE (score < 4) and high clinical probability of PE (score > 4).
In each analysis, the subjects were also segregated based on their serum d-dimer levels into those with negative serum d-dimer (≤4 µg/ml), nonpositive serum ddimer (0.41 -1.0 µg/ml), or positive d-dimer (>1.0 µg/ml) using the latex agglutination technique (STA D-DI; DiagnosticaStago, Parsippany, NJ). We evaluated the conditions under which at least 10% of subjects undergoing pulmonary CTA would have a positive finding of acute PE. Finally, we evaluated which combinations of clinical risk stratification and d-dimer values resulted in cohorts of patients in whom the prevalence of PE was < 2%.All statistical analysis was performed using STATA v 7.0 (Stata, Inc, College Station, Tx).
Results
During the 29 months from January 2007 through May 2009, 1110 patients seen by the Emergency Medicine Department with suspected PE underwent pulmonary CTA. Sixty-three (5.7%) had the diagnosis of PE based on CTA interpretation. Almost 70% (n = 773) of these patients had a serum d-dimer drawn at the time of pulmonary CTA. There was no significant difference in the prevalence of PE (n = 16) in the 337 patients who did not have a d-dimer drawn versus the prevalence of PE (n = 47) in the patients who had a serum d-dimer (continuity corrected  2 = 0.78; p = 0.38). The 773 patients with serum d-dimer levels were divided into three groups based on these d-dimer levels: Negative (≤0.4 µg/ml), nonpositive (0.41 -1.0 µg/ml), or positive (>1.0 µg/ml). Although the latex agglutination technique we used in the study (STA D-DI; Diagnostica Stago, Parsippany, NJ) states a negative result as ≤ 0.4 µg/ml, for the purposes of our study we designated anything ≤ 1.0 µg/ml as a nonpositive result. Therefore, only a level > 1.0 µg/ml was considered positive in our study. These ranges were chosen because previous studies using these thresholds have demonstrated a very low prevalence of acute PE in patients with serum d-dimer levels ≤ 1.0 µg/ml [13, 14] . The pulmonary CTA results based on these d-dimer categories are shown in Table 1 . There was no significant difference in the prevalence of positive CTA studies for subjects with a negative d-dimer value and those with a nonpositive d-dimer value (Fisher exact p = 0.598). However, there was a significant difference in the prevalence of positive pulmonary CTA studies for each pairwise comparison between the positive d-dimer group and the negative or nonpositive d-dimer groups (continuity corrected  2 = 9.63; p = 0.002 and  2 = 33.90; p < 0.0001, respectively). The prevalence of pulmonary CTA studies was >10% only in subjects in the positive d-dimer group which was 12.4%.
The same 773 subjects were first stratified into three groups based on their clinical risk for PE using the Wells clinical decision rule: low clinical risk (score < 2), intermediate risk (score 2 -6), and high risk (score > 6). The prevalence of each clinical criterion of the Wells score is presented in Table 2 . The high prevalence of the first criterion stems from our liberal interpretation of the likelihood of PE based on the chief complaint.
The pulmonary CTA results based on these clinical risk categories are shown in Table 3 . There was no significant difference in the prevalence of positive CTA studies for subjects with low clinical risk when compared with those with intermediate risk (continuity corrected  2 = 3.22; p = 0.108). Significant differences were found in the prevalence of positive pulmonary CTA studies for each of the pairwise comparisons between the high clinical risk group versus the low or intermediate risk groups (Fisher exact p < 0.001 for both comparisons). A prevalence of positive CTA > 10% was found only in the group of subjects with high clinical risk in whom the prevalence of positive PE by CTA was 40%.
As shown in Table 4 , when the 773 patients were stratified by both their d-dimer values and clinical risk, only those patients with positive d-dimer who also had intermediate or high clinical risk had a prevalence of positive pulmonary CTA greater than 10%. For all other groups of patients, the prevalence of positive pulmonary CTA studies was less than 5%. Patients in the groups with negative or nonpositive d-dimer did not have a prevalence of positive PE by CT of >2% and would not likely benefit from CTA irrespective of the clinical risk.
The Christopher study utilized a Wells score > 4 as a clinically useful threshold to separate patients who are unlikely or likely to have acute PE [9] . Therefore, we also stratified our patients using the same scoring scheme: low risk (score ≤ 4) versus high risk (score > 4). As expected, there was a significant difference in the prevalence of positive CTA between the two groups (continuity correct  
Discussion
Pulmonary CTA has become the first-line imaging test for the diagnosis of acute PE [15] . The PIOPED II study demonstrated that CTA for pulmonary embolism had both good sensitivity (83%) and specificity (96%) [16] . However, pulmonary CTA has become over-utilized. The prevalence of PE in the patients included in the multicenter PIOPED II study was 23% [16] . In the Dutch multicenter study utilizing CTA reported by the Christopher Study investigators, the prevalence of PE was 20% [9] . However, in three recent single institution retrospective studies, the prevalence of PE among subjects who underwent pulmonary CTA was much lower, ranging from 5.7% to 9.7% [2, 13, 17] . The lower prevalence of PE in single center studies suggests that busy physicians going about their normal practice routine may not have the time to carefully assess patients as would occur prior to enrollment of subjects in a prospective multicenter trial. This is confirmed in the study by Adams et al., who found that among 3500 consecutive CTA studies performed at two urban emergency departments, only 45.5% of patients would have met the PIOPED recommendations for the evaluation of PE, while the majority did not have sufficiently high clinical risk or had a negative ddimer value [18] .
While there has been an increase in usage of CTA for the diagnosis of PE, there is little data to suggest that this has reduced patient morbidity or mortality. In fact, there is now debate whether pulmonary embolism carries as high of mortality as has previously been suggested [3] . In addition, all pulmonary emboli detected by CTA may not be clinically relevant, especially when they involve only the subsegmental pulmonary arterial branches [7] .
In an era of escalating healthcare costs with insufficient means of funding, over-utilization of any expensive imaging examination requires close examination. CTA is especially relevant because in addition to cost, CTA studies carry inherent risks. An important concern for many patients, especially young women, undergoing evaluation for PE is patient exposure to ionizing radiation [4, 5, [19] [20] [21] . A review of literature from 1980-2007 found the average effective dose from a chest CT for PE in adults to be 15 mSv (ranging from 13 -40 mSv) [21] . The proportion of cancers in the U.S. attributable to radiation exposure from CT studies has increased from an estimated 0.4% in 1991-1996, to currently approaching 2% [4] .
Contrast-induced nephropathy is another concern for many patients. In a prospective study, Mitchell et al. found the risk of contrast-induced nephropathy (CIN), defined as an increase in the serum creatinine level after control administration of ≥0.5 mg/dL or ≥25% from the baseline level, to be 14% among 174 consecutive patients evaluated for PE by contrast-enhanced CTA [22] . Furthermore, the development of contrast-induced neph-ropathy after CTA significantly increased the risk of the composite outcome of severe renal failure or death from renal failure within 45 days [22] . This risk does not appear to be mitigated by the use of different contrast agents. In a study specifically addressing the use of low-osmolar versus iso-osmolar nonionic contrast agents in patients with renal insufficiency, there was no statistically significant difference in the overall incidence of CIN [6] .
Estimating the overall prevalence of acute PE in a patient population may be important prior to setting the appropriate thresholds of clinical probability and serum d-dimer values. If the overall prevalence of PE is low, then higher thresholds may be necessary to reduce false positive studies. Several studies have evaluated the prevalence of coincidental PE on CT studies of the chest performed for other indications. Farrell et al. found 10 cases of incidental PE among 440 outpatients undergoing contrast-enhanced chest CT for other indications, a prevalence of 2.2% [11] . Hui et al. found a 1.8% prevalence of coincidental PE among 1168 patients undergoing CT for other indications, most of whom (82.8%) were outpatients [10] . In a meta-analysis including over 10,000 subjects, Dentali et al. found an overall prevalence of incidental PE on chest CT of 2.6% [12] . From these data, we would argue that patients should have greater than 2% probability of PE in order to justify a CTA study.
Bayes theorem can be used to estimate the likelihood of a detecting a true positive versus false positive pulmonary embolism assuming pulmonary CTA has a sensitivity of 83% and specificity of 96% as reported in the PIOPED II study [16] . If the prevalence of PE within a population is only 2%, then application of Bayes theorem would predict that approximately 70% of all positive CTA studies for pulmonary embolism would be incorrect, i.e., be falsely positive. At such a low prevalence, roughly 2 patients would be harmed with long-term anticoagulation in order to correctly treat 1 patient. Utilizing CTA for only patient groups with a PE prevalence of 10% as suggested by Costantino [1] seems more reasonable since application of the Bayes theorem to such a population would predict that 70% of positive CTA studies for pulmonary embolism would now be correct. At a 10% prevalence of PE, the appropriate anticoagulation of every 2 patients would be offset by the inappropriate anticoagulation of 1 patient.
Two previous studies have demonstrated that in patients with negative or nonpositive serum d-dimer levels, there is a high likelihood of incorrect assessment of pulmonary embolism by CTA. Hirai-Gimber et al. found that among 7 subjects with a nonpositive serum d-dimer value and a positive pulmonary embolism initially reported on CTA, 6 were felt to be incorrect on both blinded and specialist review. All 6 subjects had low clinical risk and did not have ancillary imaging findings suspicious for PE [23] . In another study of subjects with negative serum d-dimers, both CTA studies initially reported to be positive for PE in the patient group were felt to be negative on specialist review [24] . This is an important consideration because of the significant risks associated with long-term anticoagulation. In a study of 2147 patients with venous thromboembolism treated with oral anticoagulation, 169 patients (7.9%) suffered a major bleed requiring hospitalization at an average cost of $15,339 ± $52,029 (median, $4999) per bleed, and 612 patients (28.5%) suffered at least one bleed event that did not require hospitalization at an average cost of $239 ± $386 (median, $95) per event [25] .
Setting a higher d-dimer value threshold appears to increase specificity without compromising sensitivity, thereby further reducing unnecessary CTA procedures. Both absolute and variable increased d-dimer thresholds have been proposed. Abcarian et al. noted that among 159 patients who had a low but positive d-dimer level of ≤1 ug/ml using an automated latex agglutination assay (a negative value is ≤0.4 ug/mL), none had a positive pulmonary CTA study [13] . In a large prospective multicenter trial of 678 subjects evaluated for pulmonary embolism by pulmonary CTA, the authors used two different d-dimer thresholds using the VIDAS quantitative assay (VIDAS; Biome´rieux, Durham, NC, USA): the conventional 0.5 ug/mL threshold and a doubling to 1 ug/mL. In this study, CTA served as the diagnostic standard. For low risk subjects (Wells score ≤ 4), 4 patients with serum d-dimer values < 0.5 ug/mL were noted by CTA to have PE. This number increased to 12 patients with the higher d-dimer threshold [26] . However, the authors noted that all of the 8 additional patients had pulmonary embolism limited to the subsegmental branches, making their clinical relevance uncertain as none of them had evidence of leg venous thrombosis [26] . Using the combination of low clinical risk and higher d-dimer threshold could have prevented a CTA study in 1/3 of all patients. Kabrhel et al. observed that for a large population of patients at low clinical risk for pulmonary embolism (prevalence of 2.9%), doubling the d-dimer threshold for any quantitive d-dimer assay resulted in a significant increase in specificity from 63% to 86% without a significant decrease in the negative predictive value (99.6% to 98.9%) [27] .
Our data demonstrates that patients in this study with a d-dimer < 1.0 ug/ml and a low Wells score have a prevalence of PE less than 2% and do not require CT imaging. We found that utilizing pulmonary CTA only in patients suspected of pulmonary embolism with a combination of intermediate or high clinical risk based on the Wells criteria (Wells score ≥ 2) and a serum d-dimer cutoff of 1 µg/ml, would increase the prevalence of positive pulmo-nary CTA studies above 10%. Furthermore, it appears that patients with a negative serum d-dimer value do not require further CT imaging for pulmonary embolism irrespective of their clinical risk stratification. We recommend the implementation of d-dimer measurement and Wells score evaluation prior to utilizing pulmonary CTA. If patients have serum d-dimer values above 1 µg/ml and clinical risk based on Wells criteria greater than 2, then physician may order the CT study. Such a strategy would have avoided 422 (54%) CTA studies while missing only 5 possible cases of pulmonary embolism, a prevalence less than 2%.
A primary limitation of this study was the necessity to assign Wells scores retrospectively through electronic medical record review. Electronic medical record review may provide less information in comparison to direct patient examination. However, this limitation was decreased in this population because all belonged to an HMO in which all inpatient and outpatient data are recorded in a common electronic medical record. Using a single reviewer to assess the medical record using a standard protocol reduced the interobserver variability that can result from having multiple different physicians performing the evaluation. Another limitation is that a single population analysis may not provide necessary prevalence information to implement in all practices. Therefore, before these results can be applied in other medical centers, the underlying prevalence of PE in each center may need to be calculated. Interestingly, prevalence data from other published single center studies of patients evaluated for PE in the emergency department seem in line with our own [1, 2, 17] . Finally, this HMO utilizes only one method of serum d-dimer measurement (STA D-DI; DiagnosticaStago, Parsippany, NJ). Therefore, it is not clear whether the use of the 1.0 ug/mL threshold value could be applied to other methods of d-dimer measurement.
In conclusion, utilizing a clinical decision rule with an increased d-dimer threshold has several important advantages with associated large reduction in unnecessary CTA examinations and subsequent reduction in ionizing radiation exposure, less contrast induced nephropathy, lower likelihood of false positive CTA studies, decreased risk of unnecessary anticoagulation, and lower overall cost of healthcare.
